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Abstract. In order to design an optimal floating breakwater with a high performance in 
a wide range of frequencies, its characteristics and performance in 2D and 3D cases are 
analyzed. For obtaining an optimal 2D model shape, an optimization method called 
Genetic Algorithm (GA) combined with Boundary Element Method (BEM) is 
employed. The accuracy of BEM analysis is confirmed using numerical relations such 
as Haskind-Newman and energy conservation relations. Moreover, since the 
investigated model will be an asymmetric shape, an experiment is also conducted to 
confirm that the present analysis could treat asymmetric body case correctly. However, 
because the performance of the obtained 2D model is expected to be different for some 
extent from real application, the performance of the corresponding model in 3D case is 
also analyzed using Higher Order Boundary Element Method (HOBEM). 3D Wave 
effect and its effect to the floating breakwater performance are analyzed and discussed. 
It is shown from this study that the combination of GA and BEM is effective in 
obtaining an optimal performance model. Moreover, it is also shown that the 3D wave 
effect is small on motion amplitudes while the wave elevations are found to be in 3D 
pattern even for a longer body length. 
Keywords: 3D wave effect; boundary element method; floating breakwater; genetic 
algorithm; shape optimization. 
1 Introduction 
The increase in practical demand of floating breakwater attracts more attention of 
many researchers to perform research about it. However, the past research have shown 
that conventional-type floating breakwaters which usually have only a simple shape 
such as rectangular shape, could only attenuate waves in a limited range of frequency 
especially in short wavelength region. Example of such attempts can be found in 
Kashiwagi et al. [4] and Mahmuddin and Kashiwagi [2]. Consequently, it is needed to 
find a more efficient and optimal shape design even if it would make the model shape 
more complex. 
For this purpose, a search optimization method called Genetic Algorithm (GA) 
combined with Boundary Element Method (BEM), is used to obtain an optimal model. 
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It is known that GA has ability to find an optimal result based on defined fitness 
functions or criteria in a defined search space. Moreover, by choosing appropriate 
genetic operators, GA can avoid terminating at local optimum, which means that the 
obtained result is the most optimal one globally. However, because GA is an 
undeterministic method, slightly different results might be obtained for different runs. 
In this study, the analysis based on Boundary Element Method (BEM) using the free-
surface Green function will be used to compute the performance of each model in 
terms of their transmission and reflection wave coefficients. The BEM, based on the 
potential flow theory, divides the body surface into a certain number of discretized 
panels. From these panels, a set of simultaneous equations is formed and then solved 
to obtain the velocity potentials on the body surface. These velocity potentials are then 
used to compute the reflection and transmission wave coefficients. In the analysis, 
numerical checks with the energy-conservation principle and Haskind-Newman 
relations, are also performed to confirm the accuracy of computed results. As the final 
confirmation, an experiment using an asymmetric model is conducted for both motion-
fixed and motion-free conditions. 
After these confirmations, an efficient and optimal shape of a 2D floating breakwater 
model is determined by employing a search optimization method called Genetic 
Algorithm (GA). The GA is an iteration process which starts by generating a certain 
number of random individuals. After that, genetic operators such as reproduction, 
crossover and mutation are applied to form the next generation which satisfies certain 
fitness functions. Each individual in the search space corresponds to one shape of 
floating breakwater. This shape will be represented by Bezier curves which can be 
defined conveniently by a set of control points. This set of control points represents 
the chromosome of an individual in a population.  
The performance of each individual is measured by its transmission wave coefficient, 
which is defined as Performance Index (PI) and computed from the area of 
transmission wave coefficient over the wave frequencies considered. Moreover, in this 
study, the main objective is to find an optimal shape which will transmit only 40% of 
the incident wave at maximum, even at the longest possible wavelength. After 
obtaining an optimal 2D model, the next step is to investigate the performance of this 
shape in 3D case. It is expected that the performance will decrease due to the so-called 
3D wave effect. It is the effect due to the assumption that the length of 2D body is 
infinite, which is not the case for 3D analysis. For the 3D analysis and computation, 
Higher Order Boundary Element Method (HOBEM) will be used.  
In HOBEM, the body surface is also divided into a large number of panels. Each of 
these panels is represented by 9-node quadratic element. The velocity potentials at 
nodal points are then obtained by solving integral equations. It is also assumed that 
these velocity potentials are varied on these panels, so greater accuracy can be 
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obtained with less number of panels compared to direct constant panel method. Using 
the velocity potentials and body motions, the wave elevation around the body can be 
obtained and compared to 2D results. For practical consideration, the analysis and 
computation of drift forces are also necessary. Moreover, a series of numerical 
accuracy confirmation using the energy conservation and Haskind-Newman relation is 
performed to confirm the results. 
2 2D Analysis 
2.1 Boundary Element Method (BEM) 
The BEM evaluates the performance in terms of reflection and transmission wave 
coefficients which will be used to determine the fitness functions. 
2.1.1 Reflection and Transmission Coefficients 
Assuming the fluid to be incompressible and inviscid with irrotational motion, the 
velocity potential is introduced and the flow around a 2-D floating body in regular 
incident waves is considered. The wave-induced motions of a body and associated 
fluid motion are assumed to be linear in the incident-wave amplitude and harmonic in 
time with circular frequency 𝜔 of the incident wave. In what follows, all oscillatory 
quantities will be expressed in complex form, with the time dependence 𝑒𝑖𝜔𝑡  
understood. 
 
Figure 1 Reflection and transmission waves by a floating body for an incident wave incoming 
from the positive x-axis. 
 
In order to treat the problem in general, an asymmetric body is considered. As shown 
in Fig. 1, the incident wave is assumed to be coming from the positive x-axis, so the 
resulting velocity potential is written in the form 
 
𝜙 𝑥, 𝑦 =
𝑔𝜁𝑎
𝑖𝜔
 𝜙𝐷 𝑥, 𝑦 − 𝐾𝑋𝑗𝜙𝑗  𝑥, 𝑦  ≡
𝑔𝜁𝑎
𝑖𝜔
𝜑 𝑥, 𝑦  (1) 
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𝜙𝐷 = 𝜙0 + 𝜙7,   𝜙0 = 𝑒
−𝐾𝑦+𝑖𝐾𝑥 ,     𝐾 = 𝜔2/𝑔 (2) 
𝜁𝑎  denotes the amplitude of incident wave and 𝑔 the acceleration due to gravity. 𝜙𝐷 
denotes the diffraction potential which is the sum of the incident-wave potential 𝜙0 
and the scattering potential 𝜙7. The water depth is assumed to be infinite and the wave 
number 𝐾 of a progressive wave satisfies the dispersion relation given above. 𝑋𝑗  
denotes the complex amplitude of the body motion in the j-th mode (𝑗 = 2 for sway, 
𝑗 = 3 for heave, and 𝑗 = 4 for roll), and 𝜙𝑗  is the radiation potential with unit velocity 
in the j-th direction. The summation sign with respect to j is deleted with the 
convention that any term containing the same index twice should be summed over that 
index. All quantities are assumed to be written in nondimensional form. 
The radiation 𝜙𝑗  (𝑗 = 2~4) and scattering potentials 𝜙7 will be sought to satisfy the 
Laplace equation as the governing equation and the linearized free-surface and body-
surface boundary conditions which are given as follows: 
𝜕𝜙𝑗
𝜕𝑦
+ 𝐾𝜙𝑗 = 0  on  𝑦 = 0,      
𝜕𝜙𝐷
𝜕𝑛
= 0,
𝜕𝜙𝑗
𝜕𝑛
= 𝑛𝑗  (𝑗 = 2~4) (3) 
where 𝑛𝑗  denotes the j-th component of the normal vector, defined positive when 
pointing into the fluid from the body surface. In addition, an appropriate radiation 
condition must be satisfied at infinity. 
In the present paper, these velocity potentials are obtained by solving an integral 
equation for the velocity potentials on the body surface, by means of the free-surface 
Green function. Once the velocity potentials have been obtained, the hydrodynamic 
forces in the diffraction (𝐸𝑗 ) and radiation problems (𝐹𝑗𝑘 ) acting in the j-th direction 
can be calculated and expressed in the form 
𝐸𝑗 =  𝜙𝐷𝑛𝑗𝑑𝑙
𝑆𝐻
,        𝐹𝑗𝑘 = − 𝜙𝑘𝑛𝑗𝑑𝑙 = 𝐴𝑗𝑘 − 𝑖𝐵𝑗𝑘
𝑆𝐻
 (4) 
where 𝐴𝑗𝑘  and 𝐵𝑗𝑘  are the added-mass and damping coefficients, respectively, in the j-
th direction due to the k-th mode of motion. In terms of hydrodynamic forces obtained 
above and the restoring forces to be computed from the static pressure, the equations 
of body motions can be set up as follows: 
 −𝐾 𝑀𝑗𝑘 + 𝐹𝑗𝑘  + 𝐶𝑗𝑘  𝑋𝑘 = 𝐸𝑗    (𝑗 = 2~4) (5) 
where 𝑀𝑗𝑘  denotes the mass matrix and its nonzero values are in the diagonal (𝑗 = 𝑘), 
which are the body mass (m) for 𝑗 = 2 and 3 and the moment of inertia for 𝑗 = 4, and 
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also 𝑀24 = 𝑀42 = −𝑚𝑦𝐺  and 𝑀34 = 𝑀43 = 𝑚𝑥𝐺  for off-diagonals, where (𝑥𝐺 , 𝑦𝐺) is 
the position of the center of gravity, generally unequal to the origin of the coordinate 
system due to asymmetry of a body, but 𝑥𝐺  is equal to x-ordinate of the center of 
buoyancy. 𝐶𝑗𝑘  in (5) denotes the restoring force coefficients.  
The asymptotic expression of the normalized velocity potential at 𝑥 → ±∞ can be 
given as: 
𝜑(𝑥, 𝑦) = 𝜙𝐷 𝑥, 𝑦 − 𝐾𝑋𝑗𝜙𝑗  𝑥, 𝑦 ∼ 𝑒
−𝐾𝑦  𝑒𝑖𝑘𝑥 + 𝑖𝐻7
±𝑒∓𝑖𝐾𝑥 − 𝑖𝐾𝑋𝑗𝐻𝑗
±𝑒∓𝑖𝐾𝑥   (6) 
Here the upper or lower sign in the double sign is taken according to whether 𝑥 → +∞  
or −∞, respectively. 𝐻7
± and 𝐻𝑗
± (𝑗 = 2~4) denote the Kochin functions associated 
with the scattered and radiated waves, respectively. From (6), the velocity potential on 
the free surface (𝑦 = 0) can be expressed as 
𝜑 𝑥, 0 ∼  
𝑒𝑖𝐾𝑥 + 𝑅𝐹𝑒
−𝑖𝐾𝑥      as  𝑥 → +∞
𝑇𝐹𝑒
𝑖𝐾𝑥                       as  𝑥 → −∞ 
  (7) 
where 
 
𝑅𝐹 = 𝑅𝐷 − 𝑖𝐾𝑋𝑗𝐻𝑗
+,    𝑅𝐷 = 𝑖𝐻7
+       
𝑇𝐹 = 𝑇𝐷 − 𝑖𝐾𝑋𝑗𝐻𝑗
−,     𝑇𝐷 = 1 + 𝑖𝐻7
−
  (8) 
 
𝑅 and 𝑇 are defined as the coefficients of reflection and transmission waves, 
respectively. Suffix D indicates the quantities for the diffraction problem, while suffix 
F indicates the quantities for the case where a body is freely oscillating in an incident 
wave.  
2.1.2 Fitness Definition 
In order to evaluate the performance of a floating breakwater and convergence of the 
calculation, the fitness function needs to be defined. In the present study, the fitness is 
called Performance Index (PI) which is the area above the transmission-wave 
coefficient curve. As seen in Fig. 2, higher PI means low transmission and hence 
higher performance as a floating breakwater. Because the maximum nondimensional 
value of the transmission coefficient is equal to 1.0, then the maximum value of PI 
equals to Max wavelength – Min wavelength. 
6 F. Mahmuddin 
 
 
Figure 2 Definition of fitness 
 
Another criterion which will be used is Longest Wave Length (LWL) which is defined 
as the longest wavelength where 40% of incident wave at maximum is transmitted as 
shown in Fig. 2 above. 
2.2 Outline of GA 
Before starting the GA analysis, the chromosome representation of each individual or 
so-called encoding must be defined. In this study, binary encoding will be used. 
Besides encoding, the genetic operators should also be defined. The genetic operators 
which will be applied are selection (reproduction), crossover, mutation, and elitism. 
The execution of crossover depends on crossover probability (Pc) and mutation 
depends on mutation probability (Pm). 
The main flow of GA is shown in Fig. 3. In this figure, an initial population is 
generated as the first step. At this step, some random numbers are thrown for some 
number of genes which constitutes a chromosome. Then the chromosome will be 
decoded to obtain the real numbers of all genes. These genes are then converted to be 
points representing the body surface. These surface points together with other 
geometrical data are used to compute the reflection and transmission wave coefficients 
using BEM which is explained in the preceding section. The transmission wave 
coefficient of each individual, defined as Performance Index (PI), is used as the fitness 
measure to probabilistically determine the parents which will be mated using genetic 
operators to obtain off-springs. These off-springs are then used to replace the old 
population and computed again to obtain their fitness. The process will continue for 
certain number of generations until the computation result converges. 
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Figure 3 Workflow of GA 
2.3 Shape Parameterization 
For easy remeshing and feasibility of a real model construction, the body surface is 
divided into two parts which are left and right parts as shown in Fig. 4. The bottom 
part will be just a straight line connecting these two parts. 
 
Figure 4 Body surface division 
 
In each of divided body parts, the body surface will be represented by a Bezier curve. 
The Bezier curve of order n is defined by the Bernstein polynomials 𝐵𝑛 ,𝑗  as follows: 
𝐵 𝑡 =  𝐵𝑛 ,𝑖𝑃𝑖
𝑛
𝑖=0
  with 𝐵𝑛 ,𝑖 = 𝐶𝑛
𝑖 𝑡𝑖 1 − 𝑡 𝑛−1 ,   𝐶𝑛
𝑖 =
𝑛!
𝑖!  𝑛 − 𝑖 !
 (9) 
0. START
1. Generate initial population 
2. Decode chromosomes 
3. Find fitness using BEM
5. Select mates (parents) 
6. Apply genetic operators include ellistism
8. Optimum Solution 
7
. R
e
p
la
ce
 p
o
p
u
la
ti
o
n
 
YES
NO
4. Check convergence
x
y
Left part Right part
OBreadth/2 Breadth/2
Draft
8 F. Mahmuddin 
where 𝑡 ∈  0,1  and 𝑃𝑖 = (𝑥𝑖 , 𝑦𝑖) are the coordinates of the control points. The 
coordinates of the body surface can be defined as  
𝑥 𝑡 =  𝐶𝑛
𝑖 𝑡𝑖 1 − 𝑡 𝑛−𝑖𝑥𝑖
𝑛
𝑖=0
, 𝑦 𝑡 =  𝐶𝑛
𝑖 𝑡𝑖 1 − 𝑡 𝑛−𝑖𝑦𝑖
𝑛
𝑖=0
 (10) 
 
For each of left and right parts, a Bezier curve should be defined. On each part of the 
body, the values of 𝑦𝑖 ∈ [0,1] are fixed and the only parameters that vary are the 
ordinates 𝑥𝑖 . Consequently, the chromosome is in the form 
chromosome = (𝑥1, … , 𝑥8, 𝑥9, … , 𝑥16) (11) 
 
Each gene in this chromosome acts as a control point to draw the body surface. The 
drawn body surface is then discretized into a certain number of panels, with which 
hydrodynamic computations can be performed using BEM to obtain the fitness, PI in 
the present study. 
3 3D Analysis 
As stated previously, the higher order boundary element method (HOBEM) will be 
adopted as the main computation method in 3D analysis. 
3.1  Mathematical Formulation 
The coordinate system adopted is shown in Fig. 5, where the body shape in the y-z 
plane can be arbitrary but is assumed symmetric with respect to x. 
 
 
Figure 5 Coordinate system in the 3D analysis 
 
The regular wave is considered to be incoming with incident angle 𝛽 with respect to 
the minus x-axis as shown in Fig. 5. Under the potential flow assumption similar to 2D 
z
O
y
x
n
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analysis, the velocity potential can be expressed as a summation of the incident-wave 
potential 𝜙0 and the disturbance potential 𝜙 as follows: 
Φ 𝑥, 𝑦, 𝑧, 𝑡 = 𝑅𝑒  𝜙0 𝑥, 𝑦, 𝑧 + 𝜙(𝑥, 𝑦, 𝑧) 𝑒
𝑖𝜔𝑡   (12) 
where 𝜙0 and 𝜙 can be given explicitly as 
𝜙0 𝑥, 𝑦, 𝑧 =
𝑔𝜁𝑎
𝑖𝜔
𝑒−𝐾𝑧−𝑖𝐾 𝑥 𝑐𝑜𝑠 𝛽+𝑦  𝑠𝑖𝑛 𝛽  (13) 
𝜙 𝑥, 𝑦, 𝑧 =
𝑔𝜁𝑎
𝑖𝜔
 𝜙7 𝑥, 𝑦, 𝑧 − 𝐾 
𝑋𝑗
𝜁𝑎
6
𝑗=1
𝜙𝑗 (𝑥, 𝑦, 𝑧)   (14) 
Similar to the 2D analysis, the radiation 𝜙𝑗 (𝑗 = 1~7) and scattering potentials 𝜙7 
satisfy Laplace equation, linearized free-surface boundary conditions, body boundary 
condition, and appropriate radiation condition of outgoing waves. By using Green’s 
theorem, the governing differential equations of the present problem are turned into 
integral equations on the boundary which are solved by discretizing the body surface 
into a large number of quadrilateral panels with assumption that the velocity potentials 
on each panel vary. The obtained velocity potentials are then used to compute the 
hydrodynamic forces and body motions in waves. 
The wave drift forces in the x- and y-axes (Maruo, 1960) and the drift moment about 
the z-axis (Newman, 1967) can be computed using the Kochin function 𝐻(𝐾, 𝜃). The 
formulae for the first two components are written as  
 
𝐹𝑥 =
𝜌𝑔𝜁𝑎
2
8𝜋
𝐾 |𝐻(𝐾, 𝜃  2 cos𝛽 − cos𝜃 𝑑𝜃
2𝜋
0
𝐹𝑦 =
𝜌𝑔𝜁𝑎
2
8𝜋
𝐾 |𝐻(𝐾, 𝜃  2 sin𝛽 − sin𝜃 𝑑𝜃
2𝜋
0  
 
 
 
 
 (15) 
3.2 Higher-order Boundary Element Method 
The boundary integral equation was numerically solved by HOBEM, described in 
Kashiwagi (1995). The body surface is discretized into a number of quadrilateral 
panels. Both body surface and unknown velocity potential on each panel are 
represented with 9-point quadratic shape functions 𝑁𝑘 𝜁, 𝜂 (𝑘 = 1~9) as follows: 
10 F. Mahmuddin 
 𝑥, 𝑦, 𝑧 𝑇 =  𝑁𝑘 𝜁, 𝜂  𝑥𝑘 ,𝑦𝑘 , 𝑧𝑘 
𝑇 ,
9
𝑘
    𝜙 𝑥, 𝑦, 𝑧 =  𝑁𝑘 𝜁, 𝜂 𝜙𝑘
9
𝑘
 (16) 
where (𝑥𝑘 ,𝑦𝑘 , 𝑧𝑘) are local coordinates at 9-nodal points on a panel under 
consideration, and likewise 𝜙𝑘  denotes the value of the velocity potential (which is to 
be determined) at 9-nodal points of a panel where index 𝑘 denotes the local node 
number (𝑘 = 1~9) shown in Fig. 6. 
 
 
Figure 6 Quadrilateral 9-node Lagrangian element 
 
The normal vector on the body surface (each panel) can be computed with 
differentiation of the shape function as follows: 
𝒏 =
𝒂 × 𝒃
|𝒂 × 𝒃|
, 𝒂 =  
𝜕𝑥
𝜕𝜁
,
𝜕𝑦
𝜕𝜁
,
𝜕𝑧
𝜕𝜁
 , 𝒃 =  
𝜕𝑥
𝜕𝜂
,
𝜕𝑦
𝜕𝜂
,
𝜕𝑧
𝜕𝜂
  (17) 
Through a series of substitution, finally the boundary integral equations can be recast 
as follows: 
𝐶𝑚𝜙𝑚 +  𝐷𝑚𝑙𝜙𝑙
𝑁𝑇
𝑙=1
=  
 𝑆𝑚𝑛
𝑗
          𝑗 = 1~6,   𝑚 = 1~𝑁𝑇
𝑁
𝑛=1
𝜙0 𝑃𝑚                                                     
  
 
(18) 
where 
𝐷𝑚𝑙 =   𝑁𝑘 𝜁, 𝜂 
𝜕𝐺 𝑃𝑚 ; 𝑄 
𝜕𝑛𝑄
 𝐽 𝜁, 𝜂  𝑑𝜁𝑑𝜂
𝑆𝑛
 (19) 
𝑆𝑚𝑛
𝑗
=   𝑛𝑗  𝑄 𝐺 𝑃𝑚 ; 𝑄  𝐽 𝜁, 𝜂  𝑑𝜁𝑑𝜂
𝑆𝑛
 (20) 
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and  index n denotes the serial n-th panel, index m the global serial number of nodal 
points, and 𝑙 = (𝑛, 𝑘) is also the serial number of nodal points associated with (to be 
computed from) the k-th local node within the n-th panel. |𝐽 𝜁, 𝜂 | in Eqs. (19) and 
(20) denotes the Jacobian in the variable transformation. NT denotes the total number 
of nodal points and 𝐶𝑚  denotes the solid angle. 
In actual numerical computations, a few additional field points are considered on the 
interior free surface of a floating body for the purpose of removing the irregular 
frequencies. At these field points, the value of solid angle 𝐶𝑚  in Eq. (18) must be zero; 
this technique is adopted following the idea of Haraguchi & Ohmatsu [3] established 
for 2D problems. The resultant over-constraint simultaneous equations are solved with 
the least-squares method. 
4 Results and Discussions 
4.1 Experiment 
In order to confirm correctness and accuracy of the hydrodynamic analysis and 
numerical results, an experiment was conducted using an asymmetric body shape 
which is shown in Fig. 7 together with notations used in the analysis. The dimensions 
of the model based on these notations are shown in Table 1.  
 
Figure 7 Shape, notations and coordinate 
system of the model 
Table 1 Tested Model Dimensions 
Parameters Dimensional (m) 
Height (H) 0.34 
Max breadth (2b) 0.50 
Draft (d) 0.25 
Length (L) 0.297 
 
 
 
Half of maximum breath (b) is used as the representative length for 
nondimensionalization. The experiment was carried out at the 2D wave channel at 
Department of Naval Architecture & Ocean Engineering, Osaka University. A photo 
of the model after manufacturing is shown in Fig. 8. 
Incident wave
h=∞
d
O
y
x
b bH
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Figure 8 Manufactured model used in experiment 
 
The experiment was conducted for two cases which are:  
(1) The diffraction case where body motions are completely fixed. 
(2) The motion-free case where the body oscillates freely in sway, heave and roll.  
The experiment results are shown in Fig. 9 for the amplitude of transmission wave. 
  
Figure 9 Transmission coefficients in fixed- and free-motion case 
 
As shown in Fig. 9, the overall trend seems to be acceptable except some 
overpredictions at short wavelength region for the case of free-motion, which can be 
attributed to the effect of viscous damping. The present study is based on potential-
flow theory and thus viscous damping effects are not considered. As a result, we can 
conclude that the analysis method is acceptable and can be incorporated in the GA 
optimization to compute the fitness function. 
4.2 GA Optimization 
An example of computed results is shown in Fig.10 for the maximum fitness (𝑓𝑚𝑎𝑥 ) 
and average fitness (𝑓𝑎𝑣𝑒 ) of a GA computation when 𝑃𝑚 = 0 and 𝑃𝑐 = 0.5. In this 
computation, the fitness function considered is the performance index (PI) only. 
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Moreover, the draft/breadth ratio is set equal to 1.0. Other parameters used in this 
computation are shown in Table 2. It is important to keep in mind that because GA is 
an undeterministic process, there is always a possibility to find slightly different 
solutions for the same problem with different run. 
Table 2 Parameters used in GA computation 
 
Parameters Value 
No. of Population 30 
Selection Scheme Roulette wheel 
Crossover Scheme Single Point 
Other Operators Elitism 
Minimum Wavelength 0.2 
Maximum Wavelength 7.0 
Draft/Half Breadth Ratio 1.0 
OG/(B/2) 0.8 
KZZ/(B/2) 0.6 
 
 
 
Figure 10 The average and maximum values of fitness (PI) in GA computation with 𝑃𝑚 = 0 
and 𝑃𝑐 = 0.5 
 
From Fig. 10, we can observe that without mutation, the average fitness will increase 
until the maximum fitness. This implies that in the GA computation, high performance 
models will appear while poor performance models will decay. This conclusion is 
consistent with the fundamental principle of GA which is survival of the fittest. 
Consequently, we can say that GA has been successfully implemented for the model 
shape optimization combined with BEM.  
The final computation is performed with 𝑃𝑐 = 0.6 and 𝑃𝑚 = 0.5. The number of 
population in each generation is also increased to be 40 for a faster convergence. All 
other data used are the same as shown in Table 2. Moreover, another criterion which is 
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longest wavelength (LWL) is also imposed in this computation. Computed results with 
this criterion are shown in Fig. 11.  
 
 
 
Figure 11 𝑓𝑚𝑎𝑥  and LWL of simulation with additional criteria 
 
In Fig. 11, we can notice that even though the operator elitism is used, the value of 
𝑓𝑚𝑎𝑥  reduces at certain points. This is because the criterion of transmitting maximum 
40% of incident wave at LWL is superior to having higher performance index (PI). 
Besides that, we can also see that the final 𝑓𝑚𝑎𝑥  is slightly lower than in the previous 
computation shown in Fig. 10; which is a consequence of implementation of the 
additional criteria. The model shape obtained when the computation converges and its 
performance is shown in Fig 12.  
 
 
 
Figure 12 Optimized model and its performance 
 
As shown in Fig. 12, the optimal model is obtained in the 256
th
 generation. However, 
at the bottom part of the obtained body, a sharp edge in left and right sides can be 
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seen. Considering the practical and construction requirements, this edge should be 
modified to be blunt. The shape of the model after modification is shown in Fig.13. 
 
Figure 13 Modified final shape for the model 
 
Since the modification of the body shape may affect the performance, it is needed to 
adjust the resonant frequency of the model to keep the performance satisfying the 
defined criteria by adjusting the center of gravity (OG) and the roll gyrational radius 
(KZZ).  For this purpose, OG is set equal to 0.82 and KZZ is set equal to 0.614 in 
nondimensional value.  
4.3 3D Performance 
Based on the 2D shape shown in Fig. 13, a 3D model shape is constructed by 
extruding it in the longitudinal direction as shown in Fig. 14. The transverse section 
shape is the same as that in Fig. 13 and uniform in the longitudinal x-direction with its 
length denoted as L. 
  
Figure 14  3D model shape 
 
In 3D computations, the incident angle 𝛽 of regular incoming wave is set equal to 
𝛽 = −90°. so that the situation corresponds to the 2D case and the results for the body 
motions and the reflection and transmission wave coefficients can be compared with 
2D results. 3 different positions along the y-axis (centerline of the body) are 
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considered for the wave measurement. The distance of these positions from the origin 
of the coordinate system is taken equal to 𝑦/𝑏 = 4, 10 and 18 for the reflection wave 
and 𝑦/𝑏 = -4, -10 and -18 for the transmission wave. In order to investigate 3D 
effects, we have computed for 2 different body lengths; those are 𝐿/𝐵 = 2 and 20. In 
order to keep sufficient accuracy, a larger number of panels was used, although the 
results of HOBEM are relatively very accurate. 
Computed results for a 3D body with 𝐿/𝐵 = 2 are shown in Fig. 15 for the amplitude 
of body motions and in Fig. 16 for the reflection and transmission waves of free-
motion case. From Fig. 15, we can see that the body motions show very similar trend 
to the 2D results, but the amplitude particularly in heave is different. On the other 
hand, the wave amplitudes are very much different from those by the 2D analysis as 
shown in Fig. 16.  
 
Figure 15 Body motion amplitudes of 3D model for 𝐿/𝐵 = 2 
 
 
(a) 
 
(b) 
Figure 16 3D Reflection (a) and transmission (b) wave coefficients for 𝐿/𝐵 = 2 
 
Furthermore, the wave amplitudes in 3D results are dependent largely on the 
measurement position. We can envisage that the incident wave is refracted around the 
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longitudinal tip side of the body and the wave field on the free surface is totally three 
dimensional. 
It should be noted that regular variation in the short wavelength region can be 
observed which we found was caused by the so-called irregular frequencies. As 
described in the numerical method, zero value of the velocity potential was specified 
on some interior free-surface points to get rid of the irregular frequencies. However, 
the results show that this method is not effective for 3D problems. However, a mean 
line of this regular variation may be considered as expected results and this variation 
in the short wavelength region may be not a fatal problem in discussing 3D effects. 
  
Figure 17 Body motion amplitudes of 3D model for 𝐿/𝐵 = 20 
 
 
(a) 
 
(b) 
Figure 18 3D Reflection (a) and transmission (b) wave coefficients for 𝐿/𝐵 = 20 
 
In order to see whether more similar results to those in the 2D analysis would be 
obtained for a longer body, the body length was increased to  𝐿/𝐵 = 20. Obtained 
results for the body motions and the reflection and transmission waves of free-motion 
case, are shown in Fig. 17 and Fig. 18, respectively. Looking at motion amplitudes, we 
can see that motions become almost the same not only in the trend but also in 
magnitude. Moreover, the results of wave amplitudes become similar to the 2D 
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results. Although the wave amplitude is still dependent on the position of 
measurement, the reflection wave coefficient fluctuates around 1.0 and decreases at 
wavelengths greater than 𝜆/𝐵 > 5.5, which is the same in trend as the 2D results. 
Nevertheless, we can realize that 3D effects are large on the wave amplitude on the 
free surface even for a longer body of 𝐿/𝐵 = 20. 
In order to observe the spatial variation of the free-surface wave around a floating 
breakwater, numerical computations for the bird’s-eye view of the wave field were 
performed for typical wavelengths; that is, 𝜆/𝐵 = 3.0 and 𝜆/𝐵 = 6.0. Computed 
results for a longer body of 𝐿/𝐵 = 20 are shown in Fig. 20 for free-motion case. 
These results are only for the real part ( i.e. at time instant 𝑡 = 0) of the total wave 
elevation. Looking at the wave in the lee side, we can confirm the correspondence to 
the results in Fig. 18 measured at 3 different points along the y-axis. We can see that 
the effect of body motions is large in the wave pattern for both cases of 𝜆/𝐵 = 3.0 and 
6.0. In particular, at 𝜆/𝐵 = 6.0, the transmitted wave becomes large and really three 
dimensional, which is much different from the 2D results. 
 
(a) 
 
(b) 
Figure 19 Bird’s-eye view of 3D wave field around a body of 𝐿/𝐵 = 20 for wavelength of 
𝜆/𝐵 = 3.0 and 6.0 
 
Finally computed results for the wave drift force are presented in Fig. 20 as a 
comparison between 2D and 3D results.  
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(a) 
 
(b) 
Figure 20 Wave drift forces computed by 2D and 3D methods for a body of 𝐿/𝐵 = 20.0 for 
both cases of fixed and free motions 
 
Here the drift force is defined as positive when acting in the direction of incident-wave 
propagation. The results in Fig. 20 are just for a longer body of 𝐿/𝐵 = 20, and we can 
see favorable agreement between 2D and 3D results at longer wavelengths. A 
discrepancy observed in the range of short wavelength might be attributed to lack of 
numerical accuracy. Although the wave drift force and related mooring force are not 
considered in computing the wave-induced body motions in the present paper, 
estimation of the wave drift force will be important in actual installation of a floating 
breakwater. 
5 Conclusions 
 
Using GA and BEM, a numerical analysis on the performance of floating breakwaters 
has been performed in 2D and 3D cases. It is found that GA and BEM can be 
exploited to find an optimal model. It is also confirmed that the performance of this 
optimized shape will decrease in 3D case but the trend in variation with respect to 
wavelength becomes similar for longer body which is known as 3D wave effect. This 
3D wave effect was not so large on hydrodynamic forces and resultant wave-induced 
body motions. On the other hand, it can be observed that the free surface elevation 
was found to be spatially three dimensional even near the middle of a longer body. 
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